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Abstract 
Hybrid solar gas-turbine technology is a promising alternative to conventional solar thermal power plants. In order to increase the 
economic viability of the technology, advanced power plant concepts can be envisioned, with the integration of thermal energy 
storage and combined-cycle power blocks. In order to pinpoint the most promising configurations, multi-objective optimization 
has been used to identify Pareto-optimal designs and highlight the trade-offs between minimizing investment costs and 
minimizing specific CO2 emissions. Advanced solar hybrid combined-cycle power plants provide a 60% reduction in electricity 
costs compared to parabolic trough power plants. Furthermore, a 22% reduction in costs and a 32% reduction in CO2 emissions 
are achieved relative to a combination of parabolic trough and combined-cycle power plants. 
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1. Introduction 
Over 90% of the currently installed solar thermal power plant (STPP) capacity is based on parabolic trough 
technology, which has been under development since the late 1980s. These power plants employ Rankine-cycle 
power blocks with low temperature (below 400ºC [1]) steam-turbines. Despite several decades of research and 
development, the cost of electricity from these power plants remains high, typically above 210 USD/MWhe [2], 
making investments highly dependent on subsidies. More recent central receiver STPPs produce higher temperature 
steam (~540°C [1]), increasing efficiency, but, in truth, a step change in technology is needed to drive down 
electricity costs and thereby increase the economic viability of solar thermal power. 
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Solar gas-turbine technology is a promising alternative concept and would appear to present a number of 
advantages when compared to conventional steam-turbine based STPPs. Advances in the field of solar air receivers 
allow solar gas-turbine systems to harness the Sun’s energy at high temperatures [3]. Coupled with the use of 
combined-cycle power blocks, higher temperatures increase the conversion efficiency of the solar energy [4] and 
thereby reduce the size of the collector field for a given power output. Solar collector costs dominate the overall cost 
of a STPP, so a reduction in the number of collector units will help to reduce the cost of the electricity produced. The 
use of gas-turbines instead of steam-turbines also results in a significant reduction in water consumption [5], 
allowing STPPs to be deployed in arid or desert locations which possess excellent solar resources and large areas of 
unused land [6]. Other advantages of gas-turbine STPPs include a reduction in start-up times, the use of an inert 
working fluid (air) and the possibility for increased flexibility of the power plant through hybridization. 
Hybrid operation is a key feature of solar gas-turbine technology, facilitating control and ensuring the availability 
of the power plant to meet demand whenever it occurs. Guaranteed electricity production (by supplementing solar 
heat with combustion when the solar irradiation is insufficient) reduces the economic risks associated with the 
construction of such plants, and makes hybrid solar gas-turbine power plants ideally suited to forming the back-bone 
of a future low-carbon electricity grid. 
Early work on hybrid solar gas-turbines (HSGTs) was performed by Scheuerer [7] and Schmuttermair [8] using a 
modified ALLISON 250-C20B helicopter engine. A number of EU-funded projects have examined small-scale 
HSGTs, such as the SOLGATE [3] and SOLHYCO [9] projects which demonstrated small-scale HSGT units up to 
250 kWe. The on-going SOLUGAS project [10] aims to scale-up the technology to 4.6 MWe. 
Despite the progress made in demonstrating the technical feasibility of utility-scale HSGTs, considerable 
uncertainty remains concerning the optimal power plant layout for commercialization. The construction of the first 
generation of commercial power plants will therefore present the designer with a number of decisions, including 
choosing the power cycle, the degree of solarization and whether or not to integrate thermal energy storage.  
Preliminary thermoeconomic analysis of HSGT systems was performed by Schwarzbözl [11], though with a 
relatively simplistic treatment of the combined-cycle configuration. Moreover, only sensitivity studies were 
performed, as opposed to identifying optimal configurations for different situations. Previous work by the authors 
has shown the simple-cycle HSGT configuration to be relatively limited [12], even when optimized gas-turbine 
designs are considered [13]. Improved power plant configurations have also been studied [14], and it was shown that 
the integration of thermal energy storage (TES) allows the solar share to be increased by up to 50%, while the use of 
a combined-cycle power block results in a 15% reduction in the cost of electricity. This paper will build upon the 
previous studies by combining the proposed power plant improvements. The integration of TES into a combined-
cycle HSGT will be analyzed, and new, optimized, gas-turbines will be designed for this application. 
 
Nomenclature 
α Capital Return Factor [ - ] 
cC Carbon Content [kgC/kgF] 
COT Combustor Outlet Temperature [°C] 
DNI Direct Normal Insolation [kWh/m2yr] 
DYESOPT Dynamic Energy Systems Optimizer 
Enet Net Electricity Production [MWhe/yr] 
fCO2 Specific CO2 Emissions [kgCO2/MWhe] 
HSGT Hybrid Solar Gas-Turbine 
i Real Debt Interest Rate [ - ] 
kins Annual Insurance Rate [ - ] 
LCOE Levelized Cost of Electricity [USD/MWhe] 
Mf Annual Fuel Consumption [kgF/yr] 
n Power Plant Equipment Lifetime [yr] 
TES Thermal Energy Storage 
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2. Advanced hybrid solar combined-cycle power plants 
The layout of the advanced combined-cycle HSGT power plant studied in this work is shown in Fig. 1. A serial 
hybridization scheme has been selected for the topping HSGT cycle, with the entire main airflow of the gas-turbine 
passing through the solar receiver. As the Sun’s energy is to be harnessed at high temperatures, high concentration 
ratios are required in order to maintain an acceptable efficiency at the receiver [15]; this implies the use of a 
heliostat field solar collector. Given the large size of the combined-cycle power plant, the power block will have to 
remain at the base of the tower, and a concentric piping arrangement is assumed for ducting of the compressor air up 
and down the tower. Within the pipes, the incoming air is slightly heated by the hotter air coming down from the 
receiver through the inner pipe; the hot air is slightly cooled by the same effect. Material limits in the piping ducts 
currently restrict tower-mounted solar receivers to temperatures below 950°C [16]. 
The pre-heated air produced by the solar receiver is then sent to the gas-turbine combustion chamber where fuel 
is injected in order to reach the desired combustor outlet temperature (COT). Solar preheating of the compressor air 
allows fuel consumption to be dramatically reduced. Additionally, fuel-flow to the combustion chamber can easily 
be adjusted to compensate for fluctuations in the solar heat input, allowing a stable COT to be maintained. 
In order to increase the fraction of solar heat supplied to the power cycle, a high-temperature TES has been 
integrated into the topping-cycle, in parallel to the solar receiver. The addition of a TES unit to the HSGT power 
plant allows excess solar energy to be stored during daytime and used at night or during the passage of clouds. In 
this way, better use can be made of the investment in additional heliostats, making larger heliostat fields more 
economically viable. At the same time, solar heat can be introduced into the gas-turbine over a longer period and, as 
a result, the annual solar share of the electricity produced rises. 
Currently, the most promising concept for high temperature energy storage in gas-turbine cycles is the use of 
regenerative storage [17], in which a matrix of a high specific heat solid is used to store the thermal energy and the 
pressurized air is used as a heat transfer fluid to either charge or discharge the system. In order to integrate the 
storage unit directly into the circuit of a gas-turbine, the components are required to withstand high pressures, as the 
air is provided directly from the compressor of the HSG during discharging. The pressure drop created by the TES 
unit must also be kept to a minimum in order to avoid overly penalizing the performance of the gas-turbine. 
 
  
Fig. 1. HSGT topping-cycle with integrated TES (left); dual-pressure Rankine bottoming-cycle (right). 
After expansion in the turbine, the exhaust gases from the topping-cycle are ducted to a standard heat recovery 
steam generator and steam-cycle. To maintain low water consumption for the bottoming cycle, dry cooling of the 
condenser has been assumed, using an indirect (HELLER-type [18]) dry cooling system. In this work, a dual-
pressure steam-cycle is considered, with no steam reheat between the high- and low-pressure steam-turbines. The 
natural-gas fuel used is assumed to be free of sulfur (i.e. it is a ‘clean’ fuel), allowing the use of a vacuum deaerator 
which boosts the heat recovery efficiency [19]. 
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3. Thermoeconomic modelling 
The performance of the different HSGT concepts presented in the preceding sections has been analyzed using the 
in-house thermoeconomics tool: DYESOPT. Thermoeconomic analysis combines thermodynamic performance 
calculations with equipment cost predictions and financing concepts; in this way both environmental and economic 
aspects can be taken into account and the correct compromise selected to reflect society’s needs. 
A basic flowsheet of the thermoeconomic analysis process is shown in Fig. 2. Based on the desired power plant 
parameters, a steady-state routine first calculates the nominal operating point and, from these values, sizes the power 
plant equipment. The equipment sizes and nominal point data are then sent to a transient simulation routine where 
an entire year’s worth of operation can be simulated, based on a given set of meteorological data and the operating 
strategy of the plant. Given the high variability in the solar resource over the year, annual simulation of the power 
plants is essential in order to obtain a representative evaluation of their performance. 
 
 
Fig. 2. Flowsheet of the modeling strategy adopted in the thermoeconomic analysis tool. 
The equipment sizes and nominal point data are also used to calculate the capital cost of the power plant 
equipment. These cost values are then used together with the plant operating conditions to calculate the annual 
maintenance and labor costs. The capital, maintenance and labor costs are then combined with the performance data 
from the transient simulation (chiefly fuel and water consumption) to get complete values for the total investment 
and operating costs. As output, the analysis process produces a series of thermoeconomic performance indicators, 
such as investment costs, levelized electricity costs, specific CO2 emissions, water consumption, and many more. 
This process is described in more detail in the following sections. 
3.1. Power plant design and transient simulation 
The steady-state calculation used to determine the nominal operating point of the Brayton and Rankine power 
cycles is based on standard heat and mass balance equations and as such, is not presented in detail here. The model 
is MATLAB-based, with thermodynamic properties calculated using routines from the REFPROP library. Ambient 
conditions for the nominal design are taken from the ISO-standard [20] as 15°C, 1 bar and 60% relative humidity. 
The heliostat field layout was calculated for each power plant configuration using an in-house model (described in a 
previous work [13]) which is based on the cell-wise method proposed by Kistler [21]. 
A transient model of the advanced HSGT power plant has been elaborated using the TRNSYS Solar Thermal 
Electric Components (STEC) library [22], coupled with the MATLAB-based routines for design and performance 
mapping of the heliostat field. The equipment sizes and nominal point data from the power plant design routines are 
used to provide the reference point for off-design calculations. To capture the effects on performance resulting from 
continuous variations in the incident solar flux, a year’s worth of operation is simulated with a timestep of 10 
minutes, as opposed to the more conventional hourly resolution for electricity yield calculations. 
 J. Spelling et al. /  Energy Procedia  49 ( 2014 )  1207 – 1217 1211
STEC library components from the Brayton and Rankine sub-libraries were used to model the gas-turbine and 
steam-cycle respectively. Previous studies have shown the validity of these models for utility-scale STPPs [11] [23]. 
Off-design performance takes into account variations in efficiency and mass flow as a function of the inlet 
conditions. Expansion in the gas-turbine is calculated using the thermodynamic temperature resulting from mixing 
of the hot gas and cooling flows. The standard TRNSYS packed-bed storage model was used to simulate the TES 
unit. The heliostat field was simulated using the field efficiency matrix established during the design phase. More 
detailed information on the TRNSYS modeling can be found in previous works [12] [13]. 
3.2. Cost functions 
The total investment cost for the advanced HSGT power plant takes into account the sum of all the purchasing 
costs for the power plant equipment, the cost of equipment installation, land purchasing, civil engineering costs and 
contingencies. Costs for the power block equipment, civil engineering and equipment installation are taken from 
Pelster [24] and Turton [25], solar receiver and heliostat field costs are taken from Schwarzbözl [11], land 
purchasing and central tower costs are taken from Kistler [21] and storage costs are taken from Turton [25] and Gil 
[26]. Based on these sources, a cost of 150 USD/m2 was used for the heliostats and a cost of 2 USD/kg was assumed 
for the TES packing media. Contingency costs are estimated based on IEA recommendations [2]. The Marshall and 
Swift Installed Equipment Cost Index [27] was used to adapt the cost figures for inflation. 
Maintenance costs for the gas-turbine and solar field components are taken from IEA figures [2] and the 
ECOSTAR report [28] respectively. The ECOSTAR report also provided information on labor rates and staffing 
requirements, along with a study by NREL [29]. 
3.3. Thermoeconomic performance indicators 
The cost and performance figures from the models presented above can be combined to calculate a number of 
thermoeconomic performance indicators, which can then be used to evaluate the advanced HSGT concept. A key 
performance indicator is the total investment cost, calculated using data from the sources presented in §3.2. In order 
to be able to compare power plants with different sizes, the specific investment cost (in USD/kWe) is often used; this 
value is obtained by dividing the total investment cost by the nominal power plant output. 
Upfront costs are generally less important than the levelized cost of electricity (LCOE, in USD/MWhe) calculated 
using Eq. 1, where Cinv is the initial investment cost, Cfuel the annual fuel cost, Cmaint the annual maintenance cost and 
Enet the net annual electricity production. The capital return factor α is calculated based on the real interest rate i, the 
plant lifetime n and the annual insurance rate kins, using recommendations from the ECOSTAR report [29]. 
net
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The specific CO2 emissions fCO2 (in kgCO2/MWhe) are an important environmental indicator and can be calculated 
using Equation 7 where Mf is the total mass of fuel burnt annually and cC is the carbon content of the fuel. 
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4. Multiobjective optimization 
The majority of cases of energy system analysis require the consideration of multiple, conflicting, objectives. 
This is especially true of hybrid solar power systems, where many different performance indicators must be 
considered. It is desirable that the hybrid power plants produce electricity at the most economically competitive 
rates, but also produce minimum CO2 emissions and consume as little water as possible. These different objectives 
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will be conflicting: with the current high cost of solar components and relatively cheap fuel, designing purely for 
cost will result in a low degree of solarization and thus large CO2 emissions, whereas aiming simply to minimize 
CO2 emissions alone will result in designs that are too expensive to be economically viable. 
As such, no single optimum can be found for all objectives. In order to examine the trade-offs that must be made 
between reduced fuel consumption (resulting from the solar input) and the added investment cost in solar collector 
equipment, multi-objective optimization has been performed. In this way, the different trade-offs can be examined 
and a range of solutions is presented to decision makers, who can then choose the desired compromise between the 
objectives. The optimal trade-off curve is given by the designs lying on the Pareto-optimal front [33]. A Pareto-
optimal design is such that there exists no other design that is simultaneously better in all objectives, i.e. moving 
from a Pareto-optimal point to any other feasible point makes at least one objective worse. 
The DYESOPT thermoeconomics tool contains a modified version of the Queuing Multi-Objective Optimiser (or 
QMOO), a population-based evolutionary algorithm developed at the Industrial Energy Systems Laboratory of the 
Swiss Federal Institute of Technology in Lausanne [34], which has been used to determine the Pareto-optimal power 
plant configurations presented in the following sections. 
4.1. Optimization decision variables 
Before the thermoeconomic analysis can proceed, it is necessary to select decision variables for the optimization 
procedure; these are varied by the optimizer to identify optimal designs. Unlike the previous study [14], the topping 
gas-turbine for the advanced HSGT is not selected from existing machines. Instead, the nominal power of the gas-
turbine is fixed at 55 MW and the key parameters of COT and pressure ratio form part of the decision variables. The 
complete list of decision variables is shown in Table 1. 
Table 1. Optimization decision variables and limits. 
Decision Variable Min Max Unit Decision Variable Min Max Unit 
Combustor Temperature Factor 0 1 [ - ] HP Steam Pressure Factor 0.01 0.99 [ - ] 
Compressor Pressure Ratio 4 36 [ - ] LP Steam Pressure Factor 0.01 0.99 [ - ] 
Receiver Aperture Area 4 250 [m2] Nominal Condensing Temperature 30 85 [°C] 
Receiver Temperature Factor 0.01 1 [ - ] Air Cooler Design Factor 0 0.99 [ - ] 
Number of Heliostat Field Cells 4 450 [#] Storage Unit Capacity 0.01 24 [hrs] 
Central Tower Height 35 300 [m] Charging Flow Multiplier 0.1 3 [ - ] 
 
A number of measures have been taken to ensure that an orthogonal search space is obtained [33] and thus that 
the optimizer does not waste time dealing with impossible combinations of parameters. Dimensionless parameters 
are used to select the COT and nominal receiver temperature as well as the high- and low-pressure evaporation 
levels in the steam-cycle. To ensure that the solar subsystem always provides useful heat input, the nominal receiver 
temperature is selected between the compressor discharge temperature and the maximum receiver temperature, 
equal to the 950°C limit imposed by the hot gas piping. The COT is then chosen between the nominal receiver 
temperature and the maximum combustor temperature, set as 1450°C. Similarly, in order to prevent conflicts 
occurring between the values chosen for the three Rankine cycle pressures, the nominal pressure of the high-
pressure steam is chosen between the limits fixed by the condenser pressure and the critical pressure of water. The 
nominal pressure of the low-pressure steam is then chosen in a similar manner between the condenser pressure and 
the nominal pressure of the high-pressure steam. The optimizer can also choose to ‘oversize’ the air-cooled 
condenser by selecting a value for the air cooler design temperature that is higher than the ISO-standard value of 
15°C. In this way, the operation of the condenser can be improved in locations with high ambient temperature, at the 
cost of a larger and more expensive air-cooler unit. 
The storage capacity variable in Table 1 is expressed in terms of the number of hours of full-load receiver output 
that can be stored. An additional parameter, the charging flow multiple, sets the maximum amount by which the 
receiver mass flow can be increased during charging of the unit, affecting the size of the tower flow piping. 
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4.2. Operational and economic boundary conditions 
The thermoeconomic performance of the advanced HSGT power plant depends on a number of technical, 
meteorological and economic boundary conditions. The power plants studied in this work are all assumed to be 
located in Kuraymat, Egypt, at 29.2°N, with an annual DNI of 2431 kWh/m2/yr. Ambient temperature and pressure 
data were obtained from the Meteonorm dataset, with radiation data taken from the HelioClim3 service in order to 
obtain data with a higher temporal resolution. 
The economic parameters affecting the cost of electricity are shown in Table 2 and are based on values from IEA 
publications [2] and the ECOSTAR report [28]. The natural gas fuel was assumed to be an 85-10-5 mixture of 
methane, ethane and propane, giving a lower heating value of 49.6 MJ/kg and a carbon content of 75.8 % by weight. 
Table 2. Economic boundary conditions. 
Economic Parameters Value Economic Parameters Value 
Real Debt Interest Rate 7 [%] Natural Gas Cost 25.2 [USD/MWhth] 
Annual Insurance Rate 1 [%] Power Plant Lifetime 25 [yrs] 
 
A number of key performance indicators are based on the net annual electricity production, which depends on 
the operation mode of the power plant. In this study the HSGT power plants are assumed to be operated at full load 
between 7am and 11pm, regardless of actual irradiation conditions. This gives an annual capacity factor of 67%, and 
matches well with the high-load region of a typical demand curve. The operation strategy adopted for the TES unit 
is identical to that used in a previous work [14]. 
4.3. Optimization objective functions 
The two objective functions selected for optimization of the HSGT power plants are minimization of the initial 
specific investment cost while simultaneously minimizing the specific CO2 emissions. These two objectives will be 
conflicting. Additionally, they are independent of any assumptions regarding financing and fuel costs, allowing a 
number of different scenarios to be analyzed. 
4.4. Algorithm convergence 
The multi-objective population-based evolutionary algorithm was set to run the model of the HSGT power plant 
for 120 generations with an initial population size of 40 designs. The evolution of the designs selected by the 
optimizer is shown to the left in Fig. 3, and it can be seen that the final generations form a well-defined Pareto-front. 
 
 
Fig. 3. Evolutionary algorithm convergence (left); location of the final Pareto-optimal front (right). 
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To the right in Fig. 3 is shown the final location of the Pareto-optimal front identified by the optimizer; the trade-
off between low carbon dioxide emissions and low investment costs can clearly be seen. Also shown in Fig. 3 are 
the Pareto-optimal fronts of the simple-cycle, combined-cycle and storage-integrated configurations studied in a 
previous work [14], which are based on selected machines from Siemens Industrial Gas-Turbines. As expected, it 
can be seen that the performance of the advanced HSGT power plant is better than, or equal to, that of the power 
plants based around existing industrial gas-turbines across a wide range of designs. At low emissions (below 50 
kgCO2/MWhe), the specific cost of the simple-cycle gas-turbine with storage is better than that of the advanced 
combined-cycle HSGT, as less benefit can be drawn from the bottoming-cycle at high degrees of solar integration. 
5. Thermoeconomic analysis 
Having established the set of Pareto-optimal power plant designs for the advanced HSGT power plant, the 
designs lying on the trade-off curve can be analyzed in more detail in order to identify design rules. The Pareto-
optimal HSGT layouts are presented as a function of the desired annual solar share in the following paragraphs. 
5.1. Optimal gas-turbine parameters 
Three key design parameters are presented: the combustor outlet temperature, the nominal receiver temperature 
and the compressor pressure ratio. The evolution of these parameters are shown in Fig. 4 as a function of the annual 
solar share alongside the values for an optimized simple-cycle HSGT without TES taken from a previous work [13]. 
 
  
Fig. 4. Pareto-optimal gas-turbine temperatures (left) and compressor pressure ratios (right). 
It can be seen that, similarly to the optimised simple-cycle designs, the evolution of the temperatures splits the 
designs for the optimal combined-cycle gas-turbine into three clear domains, with transition points situated at 37% 
and 76% annual solar share. In Zone 1, the COT is maintained high in order to ensure a high conversion efficiency 
for the gas-turbine, and the nominal receiver temperature increases in order to increase the nominal solar share. In 
Zone 2, the nominal receiver temperature has reached the maximum possible for contemporary designs (in this case 
950°C), and thus cannot increase further. In order to continue increasing the nominal solar share, and thus integrate 
more heat into the gas-turbine cycle, it becomes necessary to reduce the COT. While this reduces the overall 
conversion efficiency of the power plant, the total fuel consumption is reduced due to the greater degree of solar 
heat integration. In Zone 3, the COT has decreased to the level of the nominal receiver temperature. At this point, no 
fuel is burnt in the combustion chamber when the receiver is operating at design conditions and the nominal solar 
share is thus 100%. However, the annual solar share is not equal to 100% at this point; the heliostat field and storage 
unit are not yet large enough to provide nominal power at all times, giving an annualised solar share of only 76%. 
The annual solar share can be increased further in Zone 3 by increasing the size of the heliostat field and the storage 
units, reaching a maximum value of 98% solar share. 
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Compared to the optimized simple-cycle HSGT, the presence of TES in the advanced HSGT layout delays the 
need to begin reducing the combustor outlet temperature. With TES, increasing the nominal solar share of the gas-
turbine is not the only means of increasing the annual solar share; adding additional storage capacity allows the 
duration of solar operation to extended, increasing the annual solar share. Furthermore, unlike the simple-cycle 
configuration, the receiver and combustor temperatures of the advanced combined-cycle layouts continue to drop in 
Zone 3, in order to reduce the cost and increase the efficiency of the large solar receivers needed to charge the 
storage units. This reduction in operating temperature does not penalize the heat rate of the power plant as much as 
would be the case for the simple-cycle system, due to the effects of the combined-cycle arrangement. 
The optimal value of the compressor pressure ratio decreases as the solar share increases. Lower pressure ratios 
result in lower compressor discharge temperatures; this increases the temperature rise occurring in the receiver and 
allows higher solar shares. Lower compressor discharge temperatures also result in a lower inlet temperature to the 
receiver, reducing the average temperature in the receiver unit and thereby reducing heat losses and increasing 
efficiency. High receiver efficiencies keep the required heliostat field area low and thus reduce solar integration 
costs. Additionally, as the operating temperature of the topping gas-turbine drops with increasing solar share, the 
reduction in pressure ratio also serves to maintain a sufficiently high temperature of the exhaust gases and thereby 
ensure an acceptable efficiency of the bottoming cycle. The need for higher exhaust gas temperatures also explains 
the lower pressure ratios of the optimal combined-cycle gas-turbines compared to those of the simple-cycle layout. 
5.2. Economic performance 
The economic performance of the advanced HSGT solar power plant is assessed in terms of the LCOE, shown to 
the left in Fig. 5 alongside the values for the HSGT configurations from the previous study [14]. It can be seen that 
the LCOE rises steady in Zones 1 and 2, moving from a minimum of 81 USD/MWhe to value of 105 USD/MWhe at 
an annual solar share of 37% and 157 USD/MWhe at an annual solar share of 76%. In Zone 3 the electricity costs 
grow exponentially with the annual solar share, due to the increase in the size of the heliostat field and storage units 
needed to raise the total fraction of solar heat input. 
 
  
Fig. 5. Levelized electricity costs for the HSGT power plants (left) and thermoeconomic performance comparison (right). 
Compared to the previous HSGT designs, it can be seen that the advanced combined-cycle HSGT offers the 
lowest LCOE at annual solar shares up to 90%. At low annual solar shares (up to 25%) the performance of the 
combined-cycle without storage is almost identical to that of the advanced designs, with only a 1% difference in 
electricity costs. At moderate-to-high solar shares (between 30% and 75%), the advanced combined-cycle HSGT 
offers a reduction in electricity costs of between 15% and 25% compared to a simple-cycle HSGT with storage. At 
very high annual solar shares (above 90%) the performance of the simple-cycle HSGT with storage is better than 
that of the combined-cycle HSGT with storage, as less advantage can be drawn from the higher conversion 
1216   J. Spelling et al. /  Energy Procedia  49 ( 2014 )  1207 – 1217 
efficiency of the combined-cycle at high solar shares and the additional cost of the bottoming cycle is no longer 
justified. However, at this level of solar integration, the performance of both hybrid solar gas-turbine power plants is 
worse than a conventional parabolic trough power plant. 
In order to examine the true viability of the advanced HSGT power plant it is necessary to simultaneously 
consider the LCOE and the specific CO2 emissions of the power plants, which are plotted to the right in Fig. 5, 
alongside those of a number of conventional power plants. Values for the conventional power plants are taken from 
IEA and Vattenfall figures, [2] and [35], and the study by Lechon [36]. Unlike the retrofitted HSGT configurations 
studied in previous works [12] [14], it can be seen that there is a strong economic potential for hybrid solar 
combined-cycle power plants with storage, as they offer a significantly advantage over a simple combination of 
conventional power plant designs. Neither the simple-cycle configurations (with or without TES) achieve better 
performance than such a combination. However, the advanced HSGT configuration builds on the already promising 
performance of the hybrid combined-cycle power plant without TES, and demonstrates both lower emissions and a 
lower cost of electricity than any combination of the conventional power plant designs. For a given cost of 
electricity, the hybrid solar combined-cycle with storage offers a reduction in carbon dioxide emissions of up to 
34%. Similarly, for a given level of emissions, the levelised electricity cost can be reduced by up to 22%. The 
construction of these power plants is thus a more cost-effective means of reducing carbon emissions from electricity 
production than building parabolic trough power plants. As such, emphasis should be placed on this configuration 
when developing the next generation of HSGT power plants. 
6. Conclusions 
In order to overcome the limitations of the simple-cycle HSGT layouts studied in previous works, two power 
plant improvements were combined to form an advanced HSGT power plant. High-temperature TES units were 
integrated to extend the degree of solar operation, and a conventional Rankine bottoming-cycle was added to reduce 
the cost of electricity. The advanced HSGT power plant was analyzed using thermoeconomic tools in order to 
determine the performance, economic viability and environmental impact. Multi-objective optimization was used to 
examine the trade-offs between electricity costs and CO2 emissions and the results were compared against existing 
power plant concepts. 
The advanced combined-cycle configuration can achieve annual solar shares of over 90% while electricity costs 
range from a minimum of 81 USD/MWhe to a value of 105 USD/MWhe at an annual solar share of 37% and 157 
USD/MWhe at an annual solar share of 76%. With optimally designed gas-turbines for this application, the 
performance of these power plants offer a significantly advantage over a simple combination of conventional power 
plant designs, demonstrating both lower emissions and a lower cost of electricity than any combination of 
conventional power plant designs For a given cost of electricity, the hybrid solar combined-cycle power plant with 
storage offers a reduction in carbon dioxide emissions of up to 34%. Similarly, for a given level of emissions, the 
levelised electricity cost can be reduced by up to 22%. 
Hybrid solar gas-turbine power plants have been shown to be a promising alternative to conventional steam-cycle 
solar thermal power plants. Low water consumption and competitive electricity costs make hybrid solar gas-turbines 
an attractive choice for deployment in high-insolation desert areas. By reducing water conflicts, new regions are 
opened up for the deployment of solar thermal power technology, hopefully leading to increased capacity, lower 
costs and a reduction in our dependence on fossil-fuels. 
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